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SUMMARY 

An analysis of the operational amplifier circuit has 

allowed a reduction in the number of active components. A review of 

the tantalum component work has been carried out and the possibility 

of utilizing tantalum nitride has been explored. 



INTRODUCTION 

The requirement f o r  t h e  p r o j e c t  i s  an  i n t e g r a t e d  c i r c u i t  

form of a c i r c u i t  which conve r t s  a v a r i a b l e  low power l e v e l  dc s i g n a l  

t o  a d i g i t a l  ou tpu t  such t h a t  the d i g i t a l  ou tpu t  on t i m e  p o r t i o n  of 

t h e  c y c l e  i s  p r o p o r t i o n a l  t o  the  dc i n p u t  s i g n a l  magnitude. 

The p rev ious  i n t e r i m  p rogres s  r e p o r t  o u t l i n e d  t h e  work i n -  

volved i n  t r a n s f e r r i n g  t h e  p r o j e c t  t o  t h e  Westinghouse Research Labora- 

t o r i e s  and i n d i c a t e d  t h a t  a r e -eva lua t ion  of t h e  breadboard model was 

be ing  c a r r i e d  o u t .  

During t h i s  p r e s e n t  per iod t h e  des ign  review w a s  cont inued 

A thorough survey of t h e  and t h e  r e s u l t s  of t h i s  work a r e  r e p o r t e d .  

f i e l d  of tantalum t h i n  f i l m  technology w a s  a l s o  c a r r i e d  o u t  and t h e  

f a c t o r s  a f f e c t i n g  t h e  s t a b i l i t y  of tantalum components were reviewed. 

The p o s s i b i l i t y  of employing tantalum n i t r i d e  i n s t e a d  of t h e  ox ide  w a s  

a l s o  considered.  A summary of t h i s  l i t e r a t u r e  survey i s  p resen ted  i n  

Appendix 2. 

THEORETICAL C I R C U I T  CONSIDERATIONS 

1. Analysis  of L i n e a r i t y  S p e c i f i c a t i o n  wi th  Kegard t o  C i r c u i t  Design 

The ramp o r  t r i a n g u l a r  waveform gene ra to r  of t h e  v o l t a g e / d u t y  

c y c l e  gene ra to r  c o n s i s t s  of a n  i n t e g r a t o r  o p e r a t i n g  on a squa re  wave 

i n p u t .  

l i n e a r i t y  of 2.5% o r  b e t t e r .  

The o v e r a l l  l i n e a r i t y  s p e c i f i c a t i o n  of 2.5% i m p l i e s  a ramp 

The l i n e a r i t y  of t h e  ramp waveform v i n  F igu re  1 i s  depen- 
0 

d e n t  on t h e  behavior  of t h e  a m p l i f i e r  i n p u t  v o l t a g e  v and t h e  capaci-  

t o r  cu-:rent i s i n c e  

i 

C '  
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0 C 

C v = vi + \  - d t .  

As shown i n  Appendix 1, i f  t h e  c a p a c i t o r  c u r r e n t  i var ies  
C 

l i n e a r l y  w i t h  t ime,  w i t h  an  i n i t i a l  v a l u e  I + Ito, 

where I i s  c o n s t a n t  and t i s  the ramp d u r a t i o n ,  t hen  t h e  c u r r e n t  change 

It may b e  as g r e a t  as 20% of I and t h e  waveform l i n e a r i t y  s t i l l  b e  

2.5%. 

and a f i n a l  v a l u e  I 
0 0 

0 . 
0 0 

I n  l i g h t  of t h i s  f a c t ,  t h e  o p e r a t i o n a l  a m p l i f i e r  adopted f o r  

t h i s  a p p l i c a t i o n  as of t h e  F i r s t  I n t e r i m  Progres s  Report da t ed  March 15, 

1966, t h e  e s s e n t i a l s  of which a r e  shown i n  F igu re  2 ,  is  f a r  b e t t e r  t han  

is needed f o r  t h i s  requirement .  To show t h i s ,  cons ide r  from F igures  1 

and 2,  

i = i  -ti 
c R i  

v d -v i + [  io : v o  ] -- - 
Ai r21 ' R 

where A i s  t h e  c u r r e n t  g a i n  of the a m p l i f i e r  and r3, i ts  t r a n s r e s i s t a n c e ,  
L A  

V 

, where A = 4000 i s  t h e  v o l t a g e  g a i n  of I n  (2), vi = - 0 
V 

. 
AV 

Or 
L J 

t h e  a m p l i f i e r ,  and t h e  d r i v i n g  v o l t a g e  v 

pendent of v 

i s  a squa re  waveform inde- d 

except  a t  t h e  ramp end p o i n t s  and i s  c o n s t a n t  du r ing  t h e  
0 

, and ramp, t h e r e f o r e  t h e  f i r s t  term i n  ( 2 )  i s  iR = - - - - - 
R R u, 

Vd-Vi - Vd VO 

" 

i' 

= 10 

A. The second term of ( 2 ) ,  i 4v 
(AiR)max RAv 1K 10-3 i i 
i n c l u d e s  two components. 

is a c o n s e r v a t i v e  estimate of the a m p l i f i e r  c u r r e n t  g a i n  made by 

assuming t h e  low average c u r r e n t  g a i n  pe r  s t a g e ,  B ,  of 10 ,  f o r  each of 

- _ - -  AVO - 
-4 4 O N  0 The f i r s t  i s  - < - , where A = B Ai l o 4  i 

- 
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t h e  f o u r  s t a g e s  i n  t h e  amplifying chai.n. S ince  i = i except  a t  

swi t ch ing  p o i n t s ,  t h i s  cannot c o n t r i b u t e  t o  a change i n  i dur ing  t h e  

ramp.  

0 C 

C 

The change i n  t h e  second component of i i s  
i 

-10 
- N  4v = 0.5 x 10  A .  
r21 R28 x f3 8 x 10 - 4= 10 
A V O  

Thus bo th  terms on t h e  r i g h t  of (2) a r e  n e g l i g i b l e  compared 

2v -3 
1 K  - t o  t h e  i n t e g r a t i n g  c u r r e n t  of 2-  = + 2 x 10  

I n  view of t h e  foregoing,  i t  appea r s  r easonab le  t o  reduce t h e  

A .  

g a i n  and hence complexity of t h e  o p e r a t i o n a l  a m p l i f i e r ,  o r  t o  reduce 

t h e  i n t e g r a t i n g  c u r r e n t  employed i n  g e n e r a t i n g  t h e  ramp, o r  bo th .  

Reducing t h e  i n t e g r a t i n g  c u r r e n t  i s  e s p e c i a l l y  d e s i r a b l e ,  

s i n c e  f o r  t h e  same o p e r a t i n g  frequency t h e  i n t e g r a t i n g  c a p a c i t o r  can be 

made smaller and hence easier t o  f a b r i c a t e .  This  has  been s u c c e s s f u l l y  

accomplished and i s  f u r t h e r  discussed elsewhere.  

2.  Analysis  of E f f e c t  of Ramp Symmetry on Duty Cycle 

When comparison of a t r i a n g u l a r  v o l t a g e  waveform having f i x e d  

end p o i n t s  V 

i s  used t o  determine t h e  switching t i m e s  i n  t h e  v o l t a g e / d u t y  c y c l e  

and V 1 2 w i t h  a dc v o l t a g e  VE ( r e p r e s e n t i n g  an  e r r o r  s i g n a l )  

g e n e r a t o r ,  t h e r e  i s  no e f f e c t  on t h e  duty c y c l e  by t h e  symmetry of t h e  

waveform. Thus, i n  F igu re  3 ,  t h e  symmetric waveform v and t h e  asym- 

m e t r i c  waveform v a re  t r i a n g l e s  having common base  ( 2 t  ) and h e i g h t  

(V2-V1). 

b a s e s  of t h e  s m a l l e r ,  similar t r i a n g l e s  wi th  common h e i g h t  (V -V ), 2 E  

* 
0 

The ON-durations of t he  switched waveforms are  equa l  t o  t h e  

- 5 -  
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consequent ly  t h e s e  bases  m u s t  b e  equal ,  t h e  O N - t i m e s  must be  equa l ,  and 

hence t h e  duty  cyclesmust be  equal  f o r  t h e  two c a s e s .  Where t h e  wave- 

forms are s l i g h t l y  n o n l i n e a r ,  second-order e f f e c t s  may cause  s l i g h t  

changes i n  duty  c y c l e  wi th  symmetry, bu t  i n  t h e  p r e s e n t  a p p l i c a t i o n  they  

are e n t i r e l y  n e g l i g i b l e .  

It i s  impor tan t ,  however, t h a t  t h e  swi tch ing  p o i n t s  f o r  

changing from one ou tpu t  channel  t o  t h e  o t h e r  b e  a t  t h e  minima t = 0, 

2 t  and 4 t  i n  F igu re  3 ,  when the  power r e g u l a t i n g  t r a n s i s t o r s  a re  i n  

t h e  OFF s ta te ,  r a t h e r  than  a t  t h e  maxima, o r  e lse  a double  f requency 

0 0 

asymmetric ou tput  waveform w i l l  be gene ra t ed .  

S ince  t h e  vo l t age /du ty  c y c l e  gene ra to r  i s  b a s i c a l l y  inde- 

pendent of t r i a n g u l a r  waveform symmetry, t h e  o p e r a t i o n a l  a m p l i f i e r  i n  

t h e  waveform gene ra to r  does n o t  have t o  possess  ou t s t and ing  dc s ta-  

b i l i t y ,  which e f f e c t s  on ly  t h e  r a t i o  of ascending s l o p e  t o  descending 

s l o p e ,  b u t  no t  end p o i n t s  o r  f requency.  To t a k e  advantage of t h i s  f a c t ,  

t h e  a m p l i f i e r  shown i n  F igure  4 w a s  cons t ruc t ed .  It has  roughly 2 /3  t h e  

components of t h a t  i n  F igu re  2 and has  approximately t h e  same v o l t a g e  

and c u r r e n t  g a i n ,  bu t  i t  has  lower dc s t a b i l i t y  s i n c e  i t  i s  s i n g l e -  

ended throughout .  Although i t  opera ted  s a t i s f a c t o r i l y ,  i t  r equ i r ed  

s t a b i l i z i n g  c a p a c i t o r s  of 50 pf and 100 p f ,  which were cons idered  t o o  

l a r g e  f o r  convenient  f a b r i c a t i o n ,  and s o  t h e  des ign  w a s  no t  adopted.  

A second s i m p l i f i c a t i o n  of t h e  o p e r a t i o n a l  a m p l i f i e r  i s  t h a t  

shown i n  F igure  5.  Th i s  i s  a l so  single-ended throughout ,  and i s  

des igned  f o r  lower v o l t a g e  ga in  (A 

t h a n  that: of F igure  2 ,  bu t  should r e q u i r e  no s t a b i l i z i n g  c a p a c i t o r s .  

= 200) and c u r r e n t  g a i n  (A = 4000)  
V I 

- 7 -. 
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. 
It has less  than  h a l f  of t h e  components i n  t h e  c i r c u i t  of F igu re  2 .  It 

i s  expected t o  be more than  s a t i s f a c t o r y  f o r  t h e  p r e s e n t  requirement ,  

b u t  has  n o t  been b u i l t  and t e s t e d  a s  y e t .  

3 .  Analysis  of Drive Requirements f o r  t h e  I n t e g r a t o r  

Since t h e  i n t e g r a t i n g  c u r r e n t  has  been reduced, by a f a c t o r  

2 v  -4 of 10 ,  t o  + -- = + 2 x 10 A through t h e  u s e  of an  i n t e g r a t i n g  capa- 

c i t o r  and r e s i s t o r  having 10 times l a r g e r  impedances, t h e  need f o r  t h e  

- 1 0 K  - 

d r i v i n g  a m p l i f i e r  between t h e  b ina ry  c i r c u i t  and t h e  i n t e g r a t o r  no 

longe r  e x i s t s .  Tests of t h e  c i r c u i t  w i t h  t h i s  a m p l i f i e r  d e l e t e d  show 

good performance, and t h e r e f o r e  t h i s  change w i l l  be  permanent. These 

tes ts  are d i scussed  elsewhere.  

EXPERIMENTAL C I K C U I T  WORK 

The e v a l u a t i o n  of t h e  d i s c r e t e  component breadboard cont inued 

0 w i t h  a measurement of o v e r a l l  s y s t e m  l i n e a r i t y  a t  125 C ove r  t h e  f u l l  

100 mv i n p u t  range.  This  measurement was m a d e  through t h e  u s e  of t h e  

t i m e  b a s e  of a 545 o s c i l l o s c o p e ,  

1 and t h e  corresponding cu rve  i s  shown i n  F igu re  6. 

made f o r  t h e  c o n d i t i o n  f o r  which t h e  i n t e g r a t i n g  c a p a c i t o r  w a s  .0005 vf 

and t h e  inpu t  r e s i s t o r  100 KR.  

The r e s u l t i n g  d a t a  i s  shown i n  Table  

Measurements were 

These v a l u e s  w e r e  a d j u s t e d  s l i g h t l y  t o  

set t h e  o p e r a t i n g  frequency of t h e  t r i a n g l e  g e n e r a t o r  a t  2.5 kc.  

The r e s u l t s  of t h e  high temperature  measurement of system 

l i n e a r i t y  as shown i n  F igu re  6 i n d i c a t e  d e v i a t i o n s  t o  be less than t h e  

- + 2.5% s p e c i f i c a t i o n .  

An a l t e r n a t e  des ign  of t h e  t r i a n g l e  g e n e r a t o r  w a s  i n v e s t i g a t e d  

i n  an  Z t t e m p t  t o  reduce t h e  f a b r i c a t i o n  requirements  on t h e  AVDC 

- 9 -  
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950 

900 

850 

800 

750 

700 

650 
600 

550 

500 

4 50 

400 

3 50 

300 
250 

200 

150 

100 

50 
43 

Calc . 
00.00 

26.00 

130.00 
182.00 

234.00 

286.00 

338.00 

442.00 

494.00 

546.00 
598.00 

650.00 

702.00 

754.00 

806.00 

858.00 

910.00 

962.00 

969.20 

78.00 

390.00 

Meas. 

00.00 

27.00 

78.00 

182.00 

286.00 

388.00 

132.00 

234.00 

237.00 

440.00 

492.00 

543.00 
594.00 
646.00 

697.00 

748.00 

800.00 

853.00 
906.00 

962.00 

969.20 

Dev. 

0.00 

1.00 

0.00 

2.00 

0.00 

0.00 

0.00 

1.00 

2.00 

2.00 

2.00 

3.00 

4.00 

- 

6.00 

6.00 

6.00 

4 do0 

0.00 

0.00 

5.00 

5.00 

Inp.  Diff. 

03974 

02973 

.024 82 

.034-76 

01977 
.01481 
.00998 

.00500 

. 00000 

.00505 

.00985 

.01502 

,01980 

.02988 

,02490 

.03492 

03991 

.044 87 

.04976 

D i s c r e t e  Component Breadboard 

R e s u l t s  of  Data Taken wi th  ,0005 pf 
Capaci tor  and 100 KQ Res i s t ance  a t  125°C 

% (FS) 
0.00 

0.10 

0.00 

0.20 

0.00 

0.00 

0.00 

0.10 

0.20 

0.20 

0.20 

0.30 

0.40 

0.60 

0.50 

0.60 

0.60 

0.50 

0.40 

0.00 

0.00 

Table 1 
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. 
g e n e r a t o r .  The r e d u c t i o n  i n  s i z e  of t h e  i n t e g r a t i n g  c a p a c i t o r  from a 

a 
v a l u e  of .05 vf t o  ,005 v f  permit ted a s i m p l i f i c a t i o n  of bo th  t h e  

b i s t a b l e  l e v e l  d e t e c t o r  and t h e  o p e r a t i o n a l  a m p l i f i e r .  This  s i m p l i f i c a -  

t i o n  w a s  p o s s i b l e  due t o  t h e  reduced c u r r e n t  demand of t h e  o p e r a t i o n a l  

a m p l i f i e r .  The a l t e r n a t e  des ign  i s  shown i n  F igu re  7 which shows t h e  

p rev ious  c i r c u i t  of t h e  o p e r a t i o n a l  a m p l i f i e r  reduced by one diode and 

one ou tpu t  t r a n s i s t o r .  I n  t h e  same f i g u r e  t h e  b i s t a b l e  l e v e l  d e t e c t o r  

is  shown wi thou t  t h e  u n i t y  v o l t a g e  g a i n  d r i v e r  e l i m i n a t i n g  t h e  need 

f o r  f o u r  t r a n s i s t o r s  and f i v e  l a r g e  v a l u e  r e s i s t o r s .  

System l i n e a r i t y  measurements were made on t h i s  p a r t i c u l a r  

0 c i r c u i t  arrangement a t  125 C over t h e  100 mv i n p u t  range.  The d a t a  t h a t  

w a s  taken is  shown i n  Table  2 and i s  shown p l o t t e d  i n  F igu re  8 . It 

can b e  seen t h a t  t h e  n o n l i n e a r i t y  i s  w e l l  w i t h i n  t h e  "2.5% of f u l l  

scale" s p e c i f i c a t i o n  set  f o r  t h e  o v e r a l l  system. 

A pre l imina ry  i n t e g r a t e d  c i r c u i t  l a y o u t  w a s  i n i t i a t e d  f o r  t h e  

above d e s i g n ,  however, t h i s  layout  can be f i n a l i z e d  on ly  a f t e r  t h e  

t an ta lum r e s i s t o r  and c a p a c i t o r  work i s  completed. 

b e  made t o  determine a method of forming metal c o n t a c t s  from t h e  i n t e -  

I n v e s t i g a t i o n s  must 

g r a t e d  c i r c u i t  t o  t h e  c a p a c i t o r .  Also a means must be found f o r  trimm- 

i n g  t h e  r e s i s t o r s  and c a p a c i t o r s  t o  t h e  d e s i r e d  v a l u e s .  

arises a l s o  wi th  t h e  c o m p a t i b i l i t y  of tantalum w i t h  s i l i c o n  d i o x i d e  

s i n c e  t h i s  ox ide  is  a t t a c k e d  by the e t c h e s  normally used t o  e t c h  t h e  

A problem 

t an ta lum.  

A s  work p rogres ses  on the tantalum components, a number of t h e  

i n t e g r a t e d  c i r c u i t  p rocesses  needed i n  t h e  f a b r i c a t i o n  of t h i s  a m p l i f i e r  

- 12 '- 



a 

5 
0 
N 

I o  VI 

- 13  - 

Y l n ' c  
Y Y V I O  a 
O Y Y O  '00 
hlLnLn.-h - -  

Y Y  9 -  
0 . Y  * O F - -  
N r - M h - L n L n M  rn 
Y l n  Ln2ooq 



Read - 
950 
900 

850 
800 
750 
700 
650 
600 
550 
500 
4 50 
400 
350 
300 
250 
200 

150 
100 

50 
25 

Calc. 

00.00 

47 29 
94.59 
141.88 
189.18 
236.47 
283.77 
331.06 
378.30 
425.65 
472.95 

567 54 
520.24 

6-14, a3 
662.13 
709.42 
756.72 
804.01 
851.31 
875.00 

Meas. 

00.00 

43.00 
90.5 
136.0 
183.2 
230.5 
282.1 

324.2 
371.1 
418.5 
465.0 

556.5 
601.4 
648.6 
694.8 
743 7 
795.5 
846.5 
875.0 

511.9 

Dev. - 
0.00 

4.29 
4.09 
5.88 
5.98 
5.97 
1.67 
6.86 
7.20 
7.15 
7.95 
8.34 
11.0 
13.4 
13.5 
14.6 
13.0 
8.51 
5.80 
0.00 

Inp. Diff. 

.04479 

. 03971+ 

.03476 
02973 
.02482 
01977 
.01481 
.00998 
.00500 

. 00000 

.00505 

.00985 

.01980 

.02988 

.01502 

.02490 

.03432 
03991 
.04487 
04976 

Linearity Calibration of JPL Breadboard a t  l25OC 

Alternate Design .005 pf Capacitor 10 Ks2 Resistor 

Table 2 

- 14 -- 

$ (FS) 

0.00 
0.42 
0.40 
0.59 
0.60 
0.60 

0.69 
0.17 

0.72 
0.72 
0.79 
0.83 
1.10 
1.34 
1.35 
1.46 
1.30 

0.85 
0.58 
0.00 



* 

- 1.5 

- 1.0 

Curve 581238-8 

% of F u l l  Scale 

.005 pf 

>---~-= 

- 1.0 

- 1.5 

Fig. 8 -Alternate design AVDC generator system l inear i ty 
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are being recycled and calibrated. This is true of both the "floating 

collector'' epitaxial process and the insulating and surface passivation 

procedures and facilities. 

PLANS FOR THE NEXT REPORTING PERIOD 

Work on circuit optimization considerations will be continued, 

Tantalum components will be evaluated and the problems of tantalum com- 

ponent-silicon integrated circuit lead compatibility w i l l  be investi- 

gated. 

- 16  T 



APPENDIX 1 

Linearity of a Voltage Ramp with Constantly Increasing Slope 

If a voltage waveform has the s l o p e  given by 

t 
Io + It 

v = 1 -c- dt Y 

0 

where I is a constant, then 

, and at period t 
0' 

v = (210 + It) 
t 

v = (21 + Ito) 0. 
0 0 

ie ramp having the same end points 'is The straight 

t v ' = v  - -  -(21 + T t ) Z ,  
o t  0 0 

0 

and is shown in the accompanying figure. \ 

Hence, the linearity of the ramp is 

This becomes maximum at 

d v'-v - (-) = 0, i.e., at at v 
0 

I(to-2t) 
t (210 + Ito) 2 ,  = 0, or at t = - 
0 

to and its value is 
T -  

1 Ito '2 - - -  - 1 VI-v - -  
0 

8 1  LINEARITY = (v/max - 
0 210 + ;to 

- 17 - 
n 

ito I 1 

1 + -  
0 

21 



c 

. 

Dwg. 853A634 

/ 

Fig. A 1  
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It 1 0  LINEARITY - - 8 1  
0 

.- - .. . _ _  

I n  o t h e r  T x d s ,  a v o l t a g e  ramp waveform prodi ced by i n t e -  

g r a t i n g  a c o n s t a n t  c u r r e n t  I p lus  a s t e a d i l y  i n c r e a s i n g  c u r r e n t  com- 
0 

ponent It ,  wher.? I is  c o n s t a n t ,  may s a t i s f y  a l i n e a r i t y  s p e c i f i c a t i o n  

i f  

Ito < 8 x (LINEARITY) x Io. 

I f ,  as i n  t h e  JPL v o l t a g e / d u t y  cyc le  g e n e r a t o r ,  LINEARITY = 2.5%’ t hen  

t h e  maximum a l lowab le  change of c u r r e n t  It and hence of ramp s l o p e ,  
0’ 

is 8 x 2.5% = 20%. 

.. 
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APPENDIX 2 

On t h e  P r o p e r t i e s  of  Thin Fi lm Tantalum 
Capaci tors  and R e s i s t o r s  

I n  o r d e r  t o  p repa re  samples f o r  d e s i r e d  v a l u e s  of r e s i s t a n c e  

and capac i t ance ,  Gers tenberg ,  Mayer, Berry e t  a1 (3) (5) i n d i c a t e  t h a t  

t h e  fo l lowing  3nformat ion  should b e  known: 

(1) f i l m  th i ckness  

(2) s p e c i f i c  r e s i s t i v i t y  

(3) 

( 4 )  

(5) 

(6) s p u t t e r i n g  c u r r e n t  

(7) 

f i l m  d e p l e t i o n  cons t an t  du r ing  a n o d i z a t i o n  

n i t r o g e n  concen t r a t ion  i n  t h e  s p u t t e r i n g  gas  

v o l t a g e  p o t e n t i a l  between ca thode  and anode 

s p u t t e r i n g  r a t e  &sec o r  fl/min> 

Gers tenberg  and )layer provide  p l o t s  on page 59 ( r e f e r e n c e  #5) which 

show t h a t  t h e  u s e  of n i t r o g e n  p a r t i a l  p r e s s u r e s  between 0.03 and 

1 x t o r r  r e s u l t s  i n  s i g n i f i c a n t l y  r e p r o d u c i b l e  r e s u l t s  i n  resis- 

t i v i t y  and tempera ture  c o e f f i c i e n t s  of t h e  f i l m .  (6) Since  t h e  presence  

of  o t h e r  gases  can suppres s  t h e  format ion  of  a s t a b l e  tan ta lum n i t r i d e  

compound, i t  is  necessary  t h a t  t he  i n i t i a l  f i l m  b e  pure  tan ta lum wi th  

a s p e c i f i c  r e s i s t i v i t y  of l e s s  than 75 pQ c m  i n  o r d e r  t o  a t t a i n  repro-  

d u c i b l e  p r o p e r t i e s .  (5) 

A f t e r  t h e  informat ion  r e q u i r e d  i n  t h e  l i s t  above i s  ob ta ined ,  

t h e  tan ta lum f o r  TaN) may be  etched i n t o  r e s i s t o r  and c a p a c i t o r  

p a t t e r n s .  Th i s  p rocess  is  complete by cover ing  t h e  tan ta lum s u r f a c e  

w i t h  a pho tosens i c ive  emulsion over d e s i r e d  areas.  (9 ) (13 )  KPR and KMER 



have been r epor t ed  f o r  u s e  wi th  Au-Ta films('*) wh i l e  a Kodak resist  i s  

r e p o r t e d  when used wi th  a H F ,  HNO e l e c t r o l y t e .  The e t c h i n g  s o l u t i o n  3 

t o  b e  used w i l l  be  a one p a r t  HR, one p a r t  HNO and two p a r t  H 0 so lu -  3 2 
(14)  t i o n  a t  room temperature .  

 has^'^) has  s t a t e d  t h a t  photo-etched r e s i s t o r s  are o b t a i n a b l e  

w i t h  a l i n e  width and spacing down t o  1 . 5  m i l .  

The nex t  s t e p  i s  t h e  anod iza t ion  of t h e  f i l m s .  The e l e c t r o -  

l y t e  i s  a n  a g i t a t e d  b a t h  of 0.01% by weight H SO (14) a t  room tempera- 2 4  

t u r e .  

Some method w i l l  have t o  be devised whereby c o n t a c t s  on t h e  

r e s i s t o r s  and c a p a c i t o r s  can b e  made s o  t h a t  e lec t r ica l  measurements 

can  b e  made. 

Anodization occur s  a t  d i f f e r e n t  ra tes  f o r  tantalum and t an -  

talum n i t r i d e .  Since t h e  c a p a c i t o r s  cannot have a "trimming-up" anodi- 

z a t i o n ,  t h e s e  d i f f e r e n c e s  w i l l  have t o  be taken i n t o  c o n s i d e r a t i o n .  

M ~ L e a n ' ~ )  r e p o r t s  t h a t ,  f o r  0.01 pf Ta c a p a c i t o r s ,  a n o d i z a t i o n  took 

p l a c e  a t  130 v o l t s  and 25OC. 

. 

H i s  d i s c u s s i o n  of t h e  a n o d i z a t i o n  of TaN 

should b e  considered b e f o r e  a d e c i s i o n  i n  o r  o u t  of f avor  i s  made. 

(See page 1455 of r e f e r e n c e  9 ) .  Berry and S 1 0 a n ' ~ )  r e p o r t  t h a t  f o r  

t an ta lum f i l m  e l e c t r o d e s , w i t h  a t h i c k n e s s  of 5000 2 and 250 m i l s  i n  

d i a m e t e r ,  a n o d i z a t i o n  v o l t a g e s  were found t o  be i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  r e s u l t i n g  capac i t ance .  Their  r e s u l t s  are  given as 

--.- I-_ 1 
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Forminp Voltage 
-7 

5 

10 

20 

40 ' 

100 

150 

200 
. 

Capacixtance (puf) 

250,000 

180,000 

92,000 

68,000 

30,000 

20,000 

15,000 

\ A s  f a r  as t h e  c a p a c i t o r s  are concerned, one d e t a i l  remains: 

t h e  coun te r  e l e c t r o d e .  Both Au and A 1  have been used by Berry,  Sloan,  

and S i k i n a  and no d i f f e r e n c e s  i n  p r o p e r t i e s  were observed between t h e  

two coun te r  e l e c t r o d e  mater ia ls .  However, McLean (') s ta tes :  

"Leakage and breakdown p r o p e r t i e s  of tantalum 

f i l m  c a p a c i t o r s  a r e  dependent upon t h e  top  

e l e c t r o d e  m a t e r i a l ,  as i l l u s t r a t e d  below, The 

metals a t  t h e  top of t h e  t a b l e  form l o o s e l y  

adhe r ing  l a y e r s  whereas those  nea r  t h e  end 

adhe re  t enac ious ly  and may i n t r o d u c e  s t r a i n  

i n t o  t h e  d i e l e c t r i c  l a y e r .  Furthermore,  as 

po in ted  ou t  by S i l cox  and Maissel from s t u d i e s  

of a somewhat d i f f e r e n t  family of e l e c t r o d e s ,  

t h e  materials g iv ing  h igh  breakdown v o l t a g e s  

are  ones t h a t  tend t o  agglomerate and i t  is  

u n l i k e l y  t h a t  they w i l l  form cont inuous conduc- 

t i v e  p a t h s  through f i s s u r e s  and po res  i n  t h e  

. -___ 
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E f f e c t  o f  Counterelectrode on Aqodic and 
C a  t ho  d i c B r  ea kd oim Vo 1 t a g  e s 

(0.035 pf Ta  0 c a p a c i t o r s  anodized t o  100 v o l t s ,  105OC) 2 5  

Au 

Pd 

cu 

Sb 

Cd 

Fe 

I n  

A 1  

Ta 

D ep o s i t i o 2  Anodic BDV (Vo l t s )  

Evap . 
Evap. 

Evap . 
Evap . 
Evap . 
Evap . 
Evap . 
Evap . 
Spu t t e red  

9 1  

90 

80 

75 

71 
45 

4 1  

2 4  

1 5  

For t h e s e  reasons i t  is  suggested t h a t  copper o r  gold be used f o r  a 

c o u n t e r  e l e c t r o d e .  

The nex t  s t e p  i n  t h e  process  i s  t o  the rma l ly  s t a b i l i z e  t h e  

0 
r e s i s t o r s  and c a p a c i t o r s  by h e a t i n g  i n  an oven a t  250 t o  400 C and from 

3 t o  10% a t  40OoC. ( 6 )  A l l  of t he  r e f e r e n c e  sources  were i n  agreement 

w i t h  t h i s  s t e p .  The h e a t i n g  p rocess  causes  t h e  materials t o  age.  I f  

any changes are going t o  occur ,  they would t a k e  place then .  

The r e s i s t o r s  r e q u i r e  one l a s t  a n o d i z a t i o n  i n  o r d e r  t o  o b t a i n  

t h e  e x a c t  v a l u e  r e q u i r e d .  

form anodic  tantalum o x y n i t r i d e  on t h e  s u r f a c e  which grows g r a d u a l l y  

w i t h  a v e r y  uniform t h i c k n e s s .  

4 t o  4 . 5  a / v o l t  and can b e  c o n t r o l l e d  t o  about .5 8. 

H a a ~ ' ~ )  states t h a t  tantalum n i t r i d e  f i l m s  

The r e d u c t i o n  i n  r e s i s t o r  t h i c k n e s s  i s  

(7) Gerstenberg (5) 

r e p o r t s  t h a t  anodizing of TaN f i l m s  i n  0.02% c i t r i c  a c i d  a t  30 t o  75 v o l t s  a 
- 23 - 
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gave a f i l m  t h i c k n e s s  dec rease  of about  4 g / v o l t .  

Ta  f i l m s  w a s  7.5 a / v o l t .  

16 8 / v o l t  a t  room temperature  and when a one hour per iod of soak a t  

t h e  anodizing v o l t a g e  i s  included.  

25 a / v o l t  f o r  Ta f i l m s .  

A dec rease  f o r  t h e  

M ~ L e a n ‘ ~ )  r e p o r t s  oxide t h i c k n e s s e s  of 

Si.kina(”) r e p o r t s  ox ide  growths of 

(14) 

Using automatic  monitoring equipment, r o u t i n e  trimming of 

i n d i v i d u a l  r e s i s t o r s  is  p o s s i b l e  t o  0.1%. By u s i n g  v e r y  low c u r r e n t  

d e n s i t i e s  du r ing  a n o d i z a t i o n ,  a p r e c i s i o n  of - + 0.02% i s  a t t a i n a b l e .  

Mass trimming of many r e s i s t o r s  on a s i n g l e  s u b s t r a t e ,  wh i l e  monitor ing 

o n l y  one, i s  l i m i t e d  by t h e  o r i g i n a l  un i fo rmi ty  of t h e  f i l m  and t h e  

p a t t e r n  geometry t o  about t 3%. 

I t  

, ,(7) 

Seve ra l  r e f e r e n c e s  [ ( 3 ) ,  ( 9 ) ,  (12)) g i v e  d e t a i l s  on l i f e  tests. 

Also g e n e r a l  v a l u e s  and r e l a t i o n s h i p s  f o r  c h a r a c t e r i s t i c s  of TaN 

r e s i s t o r s  and Ta  0 c a p a c i t o r s  have been ob ta ined  froin t h e  l i t e r a t u r e .  
2 5  
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